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Abstract 
Biogas systems are a potential solution to many of the problems faced in rural 
communities. Rural communities produce organic waste, and lack reliable access to gas for 
cooking, heating, and lighting. Biogas systems reduce these problems by converting organic 
waste into gas through a renewable energy cycle. We found that biogas systems have trouble 
producing large quantities of gas in the winter due to colder temperatures inhibiting gas 
production. Users complained the systems are difficult to operate and maintain. A lack of 
awareness and education on system usage limits biogas system adoption. To minimize these 
problems, we recommend heating the digester to improve gas production, easing the 
maintenance process, and implementing an educational program.  
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Chapter 1: Introduction 
Biogas systems transform organic feedstocks into a renewable source of gas (biogas) 
through anaerobic digestion. Feedstocks are sources of biomass including food waste, animal 
waste, and human waste (Muvhiiwa, Hildebrandt, Chimwani, Ngubevana & Matambo, 2017). 
Biogas uses include cooking, heating, lighting, and transportation fuels (US EPA, 2019). 
Digestates (the byproducts of anaerobic digestion) contain high concentrations of nitrogen, 
phosphorous, and potassium, the essential nutrients for a high-quality fertilizer (Holm-Nielsen, 
Al Seadi & Oleskowicz-Popiel, 2009). 
 Rural communities produce large amounts of organic waste and require cheap access to 
fuel to improve their socioeconomic standing and overall health. The use of renewable energy 
enables rural communities to reduce their dependence on fossil fuels, thereby saving the money 
otherwise spent to purchase those fuels (Muvhiiwa et al., 2017). Furthermore, replacing firewood 
and charcoal with renewable energy for cooking and heating will reduce the respiratory illnesses 
caused by those fuels. Renewable energy also slashes greenhouse gas emissions and waste, 
therefore reducing hazardous pollution (Song, Zhang, Yang, Feng, Ren & Han, 2014).  
Biogas offers cheap and renewable solutions to provide energy to rural communities 
(Muvhiiwa et al., 2017). Biogas helps manage the organic waste and reduces the emissions of 
methane, a greenhouse gas, from the composting and/or landfill dumping of organic waste 
(Holm-Nielsen, Al Seadi & Oleskowicz-Popiel, 2009; European Commission, 2017). The three 
biogas systems at Kibbutz Lotan, located in the Southern Arava region of Israel, demonstrate the 
benefits and challenges of small-scale biogas systems. The gas produced from the systems is 
used for cooking and demonstration purposes (Cicelsky, personal communication, 2019).  
The adoption rate of biogas in rural communities has the potential to greatly increase if 
the system maintenance simplifies and overall knowledge increases. Users attempted new 
techniques to adapt their systems to their local climate, leading to an increase in overall user 
satisfaction. However, the challenges users face and lack of education are inhibiting the chance 
of possible widespread implementation. Most users lack access to replacement parts for their 
systems and the expertise to replace these parts. In addition, the surplus of waste produced by 
livestock contributes to an increase in biogas adoption, but not all rural communities contain 
farms to produce animal waste (Lwiza, Mugisha, Walekhwa, Smith & Balana, 2017).  
The goal of our project was to assess the implementation of biogas systems in rural areas. 
We completed this goal through the three specific objectives.  
 
1. We analyzed the gas production of biogas systems in the winter.  
2. We assessed the use of biogas digestates.  
3. We determined the perceptions and misconceptions on biogas system usage.  
 
We completed these objectives by experimenting with the input of a HomeBiogas® balloon 
digester at Kibbutz Lotan and performing daily evaluations on the burn time of the biogas system 
(HomeBiogas, n.d.). We evaluated the biogas digestate, or the liquid output, of the system by 
using the digestate as a fertilizer. Lastly, we reviewed biogas system users' complaints and 
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suggestions, and developed ideas and recommendations to improve the design of the system and 
to simplify user maintenance. 
Our results revealed both positives and negatives regarding the performance of the biogas 
system, including the use and production of both the biogas and the digestate output. We 
identified user discomforts and seasonal inefficiencies. We also identified suggested 
improvements. We found the use of the digestate and the released biogas was efficient in some 
specific settings, and not efficient in others. 
Chapter 2: Background 
In this chapter we begin by explaining what biogas is and how it is used in rural 
communities, including the implementation of biogas in rural communities, the type of biogas 
systems and how they operate. Next, we discuss the challenges of biogas implementation in rural 
communities. These challenges are the lack of knowledge and social acceptance, lack of 
resources and the high system maintenance necessary for operating a biogas system. 
2.1 Biogas for Rural Communities 
We discuss the usage of biogas systems in rural communities in this section. First, we 
discuss typical implementations of these systems and the reasons for their implementations. 
Second, we explain the different types of biogas systems and how these systems produce gas. 
2.1.1 Implementations of Biogas in Rural Communities 
Biogas systems convert organic feedstocks into a renewable gas, and the byproducts of 
the process go back into feedstock generation. Figure 1 below shows the complete renewable 
biogas cycle. Biogas begins with a feedstock, either food waste, animal waste, human waste, or 
other sources of biomass (Muvhiiwa et al., 2017). Bacteria break the feedstocks down into 
biogas through anaerobic digestion, the breakdown of material in the absence of oxygen. Biogas 
uses include cooking, heating, lighting, or being refined into natural gas for transportation and 
electricity generation. (US EPA, 2019). The produced digestates (byproducts) include solid and 
liquid products such as fertilizer, soil amendments, and fibrous material that can be used in 
agricultural fields (Holm-Nielsen, Al Seadi & Oleskowicz-Popiel, 2009). The cycle diagram 
below shows that the electricity, heat, digestate, and refined natural gas produced from anaerobic 
digestion all contribute to the production of feedstocks for the digestion process. 
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Figure 1. The anaerobic digestion cycle (ADBA, n.d.) 
The renewable cycle of biogas generation makes it desirable for rural communities 
throughout the world that lack reliable and/or inexpensive access to fuel for lighting, heating, and 
cooking. In Uganda, rural communities use biogas to reduce dependence on fossil fuels for 
lighting, firewood for cooking, and to create cheap nutrient dense fertilizer through the digestate 
(Lwiza et al., 2017). Communities in rural South Africa use biogas for cheap energy in the fight 
against energy poverty (Muvhiiwa et al., 2017). Energy poverty means a community lacks access 
to modern energy services and suffers the related health consequences. These consequences 
include respiratory illnesses caused by using firewood and charcoal for cooking, and mental 
stress caused by low household temperatures and expensive energy bills (European Commission, 
2017). Table 1 shows a summary of biogas and anaerobic digestion benefits. 
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Benefits: How it Benefits: 
Agricultural  Increased control of ammonia emissions 
 Reduced mineral fertilizer use 
Economic  Reduced energy poverty 
 Higher economic activity resulting from cheaper 
fuel sources 
 Decreased government health spending 
Environmental  Reduced energy consumption through increased 
renewable energy production 
 Cut emissions from transportation, electricity 
production, and livestock production 
 Reduced methane emissions from composting of 
biomass 
 Reduced risk of nitrogen pollution 
Health  Reduced pathogens from animal waste 
 Treatment of wastes for energy and bio-fertilizer 
production 
 Reduced sources of odors, flies, and rodents 
 Reduced respiratory illnesses caused by the 
burning of charcoal and firewood 
Waste Reduction, Recovery, 
and Recycling 
 Reduced landfill waste 
 Increased recycling and recovery of organic 
products 
Table 1. The benefits of biogas and anaerobic digestion (Holm-Nielsen, Al Seadi & Oleskowicz-
Popiel, 2009; European Commission, 2017) 
Biogas systems require ample feedstock to fuel the anaerobic digestion process, meaning 
areas with high production of agricultural and livestock waste (i.e. rural communities) represent 
ideal locations for biogas implementation. The implementation of biogas systems in India aimed 
to reduce the high quantities of animal manure and food waste, and to create digestate fertilizer 
(Mittal, Ahlgren & Shukla, 2017). China’s high proportion of agricultural communities and 
waste enables it to implement biogas at both the household and community level. Rural China 
first implemented biogas systems for lighting in 1921 and continues with widespread rural 
biogas implementation today. The goals of these systems include reducing waste, limiting the 
discharge of manure waste into water sources, and slashing greenhouse gas emissions resulting 
from the composting or landfill storage of organic waste (Song et al., 2014). 
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Rural China takes advantage of the biogas loop cycle to reap the full benefits of biogas 
systems and adapt the systems to different climates. In Northern China, the “four-in-one” biogas 
method combines a biogas system, pigpen, greenhouse, and toilet into one large system that can 
remain operational during the winter cold. Northwest China employs the “five-in-one” for arid 
regions. The model connects a biogas system to a solar-powered pigpen, water cellar, rainwater 
collecting pool, and drip irrigation. This model aims to save water, reuse energy, protect the 
environment, and improve rural standards of living (Song et al., 2014). 
2.1.2 Operation and Types of Biogas Systems 
While specific operation of digester types differs, all systems create biogas through 
anaerobic digestion. To do this, feedstocks are mixed with water to create a slurry (Muvhiiwa et 
al., 2017). The slurry is put into a biogas digester, a tank in the biogas system where bacteria 
break down the feedstock. These oxygen intolerant bacteria, called anaerobic bacteria, produce 
biogas from the feedstock. Produced biogas contains a mixture of methane and carbon dioxide 
which ranges from 50-60% methane and from 50-40% carbon dioxide by volume along with 
other impurities such as hydrogen sulfide and water. None of the components of biogas except 
for methane burn (Pacetti, Lombardi & Federici, 2015). In order to produce methane, anaerobic 
bacteria must be kept in either the mesophilic range (35-40oC) or the thermophilic range (50-
60oC), depending on whether the digester contains mesophilic or thermophilic bacteria (Lawson, 
n.d.). If the temperature goes below the ranges the bacteria will go dormant, and if the 
temperature goes above the ranges the bacteria will die (Kaplin, personal communication, 2020). 
There are two different sizes of biogas systems: a) small household systems and b) medium 
and large-scale biogas plants (MLBPs). The most common types of system for both small- and 
large-scale purposes are fixed-dome, floating drum (otherwise known as floating dome or bell), 
and the balloon/biobag digester (Lahlou, 2017). Kibbutz Lotan, where we are conducting our 
project in the rural Southern Arava Region of Israel, operates the following systems: 
 A household floating drum system. 
 The commercially produced, household scale, HomeBiogas® 2.0 biobag system.  
 A medium-sized floating drum system. 
The kibbutz uses the two household systems for demonstration purposes at the Kibbutz Lotan 
Center for Creative Ecology. Lotan’s Eco Campus uses the medium-sized system for cooking 
(Cicelsky, personal communication, 2019). Our project will analyze the operation of the 
HomeBiogas® 2.0 system, seen below in Figure 2. 
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Figure 2. HomeBiogas® 2.0 System on Kibbutz Lotan 
While household systems and MLBPs have the same fundamental design, the two 
different sizes of systems operate in different ways. For example, a biobag digester, like the 
HomeBiogas® 2.0 system, tends to consist of a PVC bag that inflates and deflates with respect to 
the gas production (Lahlou, 2017). A MLBP biobag digester, like the one at Emek Hefer in 
Central Israel, consists of a separated digester biobag. Manure is put into a digester tank that 
starts the digestion process, and then pumped to a gas collector where the manure digests and 
fills a biobag with biogas (Ben-Menachem, 2015). Household digesters are best used in rural 
areas where people are not in proximity. MLBPs are employed at large agricultural or livestock 
facilities and in municipal plants to manage an urban or suburban community’s food waste (Song 
et al., 2014).  
2.2 Challenges to Rural Implementation 
In the following sections we will discuss in depth the challenges faced with the rural 
implementation of biogas systems. We will discuss the barriers due to a lack of knowledge, lack 
of sufficient resources, and the need for high daily maintenance to operate a biogas system. 
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2.2.1 Lack of Knowledge and Social Acceptance About Biogas Systems 
Social barriers prevent the implementation and adoption of biogas systems in many 
countries and regions (Tucho, Moll, Uiterkamp & Nonhebel, 2016). Social barriers that limit 
adoption include a lack of awareness, lack of social acceptance, and lack of knowledge about 
system operation (Nevorova & Kutcherov, 2019). A survey of students in Grahamstown, South 
Africa found that the students believed biogas technology is impossible and unable to turn food 
waste into gas. The local farmers surveyed showed little to no knowledge about biogas 
(Muvhiiwa et al., 2017). In Pakistan, farmers lacking the training and knowledge to operate and 
maintain biogas systems hesitate to adopt the technology. Most of the farmers lack information 
on the necessary safety and management procedures (Yasar, Nazir, Tabinda, Nazar, Rasheed & 
Afzaal, 2017). 
Health concerns pose a significant challenge to biogas implementation and adoption 
(Nevorova & Kutcherov, 2019). More than 50% of the participants in the Grahamstown, South 
Africa doubted the level of hygiene of biogas systems. Their concerns included the input cow 
manure containing diseases that would make them sick when cooking with the produced gas. 
Additionally, although animal and human manure are among the main feedstocks for biogas in 
Africa, some religions in the region has very strict rules about cleanliness in connection to the 
animal and human waste. In particular, the use of these slurries is prohibited. For this reason, 
some people cannot accept the technology (Gebreegziabher, Naik, Melamu, Balana, 2014; 
Kossman et al., 2011). 
2.2.2 Lack of Sufficient Resources for Biogas Production 
Enough resources are crucial to the daily operation and maintenance of biogas systems. 
Some of these necessary resources include: 
 A daily input of either food scraps or animal waste. 
 A daily input of a specific amount of water. 
 Space for the system to be placed.  
 Financial resources (Muvhiiwa et al., 2017).  
According to HomeBiogas®, the system requires 6 liters of solid food waste and 6 liters of water 
daily to produce 2 hours of biogas burn time. This amount of food scraps per day is a lot for any 
household in most countries. In lower income countries, almost all available food is consumed 
due to food shortages and the price of food, limiting the amount of produced food waste (Mittal, 
Ahlgren & Shukla, 2018). Another input option is animal waste. Rural houses may lack the 
required livestock to produce large quantities of animal waste required for operation. In locations 
such as the Middle East and Africa, water shortages impact the daily collection of water for 
biogas systems. For example, in Qatar citizens have access to 0.0002L of water per day. In 
Kuwait, citizens may only have access to 0.00002L of water per day by 2025. The amount of 
water required for biogas systems may not be feasible in these locations (Amdetsion, 2012).  
The HomeBiogas® 2.0 system requires a lot of space to be set up. The dimensions are 210 
x 115 x 125 cm without any additional heating or insulation materials. In rural areas, homes and 
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communal kitchens often contain enough space to fit a system of this size. In more congested 
urban areas containing numerous buildings, little space exists for personal gardens let alone 
biogas systems (HomeBiogas®, n.d.).  
Biogas requires an initial startup cost that may be unaffordable in poor rural 
communities, resulting in a preference to compost waste instead of using biogas systems. The 
average investment cost for a 10 m3 biogas plant ranges from $2,800 to $4,200 (Arthur, Baidoo 
& Antwi, 2011). With a minimum cost of $720, the HomeBiogas® 2.0 system costs much less 
than most biogas systems. However, average plant and home systems are very large economical 
investments. Maintaining and managing the system also requires high capital investments 
(Nevorova & Kutcherov, 2019). Meanwhile, the average composting system costs $65-75, 
making it a much more feasible cost for rural communities. (Faucette, Governo & Graffagnini, 
2004).  
2.2.3 High System Maintenance Requirements 
Keeping a biogas system functioning at its peak performance requires a high level of 
maintenance and expertise. Daily operation consists of gathering feedstock and water to feed a 
biogas system. Along with feeding, the user must ensure the system remains clean and all input 
and output ports remain unclogged. The challenges faced when working with a biogas system 
had led to a dis-adoption of biogas implementation. These challenges include the daily manual 
labor needed to operate a biogas system as well as maintaining its condition. In developing 
countries there is a lack of expertise that is required for the construction and maintenance of 
biogas systems (Nevorova & Kutcherov, 2019). If the need for outside expertise from specialized 
companies or qualified specialists arise, users within developing countries will suffer. This issue 
was shown to be the second most influential technical barrier within developing countries. Given 
the stated challenges, age and profession have a direct relationship to the number of users 
currently using a biogas system (Muvhiiwa et al., 2017). 
2.3 Summary 
Biogas is a renewable technology that converts feedstocks consisting of organic waste 
into gas through anaerobic digestion. The renewability of biogas makes it a desirable energy 
solution to rural communities, as the technology can provide an inexpensive source of fuel and a 
free supply of nutrient dense fertilizer. However, there are challenges that hinder the 
dissemination of biogas in rural areas. The challenges come from the lack of knowledge and 
social acceptance of biogas, the insufficiency of feedstock and financial capability, and a high 
system maintenance requirement. These challenges need to be addressed in order to widen the 
implementation of biogas in rural communities. 
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Chapter 3: Methods 
The goal of our project was to assess the implementation of biogas systems in rural areas. 
We completed this goal using the following objectives at Kibbutz Lotan in the Southern Arava 
region of Israel during the winter. These objectives include: 
 Objective 1: Analyze the gas production of a biogas system in the winter. 
 Objective 2: Assess the use of biogas digestates.  
 Objective 3: Determine the perceptions and misconceptions about biogas usage. 
In this chapter we explain the methods used to complete the experiments. We begin by 
explaining how the biogas system is tested every day and the process of inputting the waste into 
the system. We also elaborate on how and why we collected data during this experiment. We 
continue by explaining how we conducted the fertilizer experiment to determine the efficacy of 
the biogas digestate as a fertilizer. We chose to test the digestate as a fertilizer and the biogas 
output as a cooking source because they are major incentives for using biogas systems. Finally, 
we discuss why and how we conducted interviews with and observations of biogas users. 
3.1 Objective 1: Analyze the Gas Production of a Biogas 
System in the Winter 
In this section, we discuss the steps we took to analyze the gas production of the system. 
We start by discussing the process of creating the slurry and inputting the feedstock into the 
system. Next, we discuss the specific measurements we took and explain how the data relates to 
examining the performance of the system. 
3.1.1 System Input and Slurry Creation 
 The HomeBiogas® system is a commercial and unique form of a balloon digester 
designed for household use. It contains a digester tank with a gas storage tank on top. Sandbags 
on top of the storage tank pressurize the produced gas, and the gas passes through a filter to 
remove hydrogen sulfide. The system comes with a digestate outlet and an inlet sink with a 
plunger to make feedstock loading easier. It operates in the mesophilic range and comes with 
built-in insulation. HomeBiogas® claims up to two hours of cooking time per day under ideal 
conditions (HomeBiogas®, n.d.). 
 For the HomeBiogas® 2.0 system to produce gas, it requires feedstocks of organic 
material. In this project, we used an input slurry with specific characteristics: 
1. 6L of food waste (eliminating citrus). 
2. 6L of hot water. 
We chose these input slurry characteristics to reflect a rural diet and to attempt to produce 
the most possible gas. We collected food waste from the dining hall on Kibbutz Lotan to 
resemble a typical rural Israeli diet. The removal of citrus peels allowed us to create an alkaline 
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environment for the anaerobic bacteria. A desired pH range for the anaerobic bacteria falls 
between 6.5-7.5, with an optimal level between 7.0-7.1 (Wang, 2014). We collected hot water 
from a solar water heater to heat up the inside of the digester to the mesophilic range of 30-50oC 
(Lawson, n.d.). In addition, we insulated the system with a green plastic bag to simulate a 
greenhouse (Cicelsky, personal communication, 2020). 
We collected 6L of food waste and 6L of hot water for our input slurry each day using a 
6L bucket. Before creating an input slurry, we chopped the food waste to expose more surface 
area to the bacteria and speed up the digestion process (Kaplin, personal communication, 2020). 
We created the input slurry by mixing the chopped food waste and hot water. We dumped this 
slurry into the system, which forced the liquid digestate out. 
3.1.2 Data Recording  
We assessed the amount of gas produced and the digester temperature throughout the day 
to examine the performance of the HomeBiogas® 2.0 system. We measured the gas production of 
the system by recording the daily gas burn time. We burned the stove connected to the gas outlet 
of the HomeBiogas® 2.0 system to resemble a cooking scenario and ran a stopwatch until the 
flame extinguished. We burned the gas on high heat to keep a consistent flow rate. 
Correspondingly, we kept track of the ambient temperature and digester temperature, as 
temperature is vital to the production of biogas (Dobre, Nicolae & Matei, 2014). We recorded the 
ambient and digester temperatures with a hygrometer-thermometer at 10 AM every day when we 
fed the system and burnt the gas. We recorded the temperatures again at 4 PM to assess the 
impact of the input hot water on digester temperature. 
In addition, we recorded the amount of food in the feedstock and the quality of the output 
digestate. We weighed the mass of the food waste that we fed into the system using a digital 
bathroom scale. We measured the volume of digestate output from the system using a marked 
bucket like the one we used for food waste collection. To check the suitability of the digestate as 
a potential fertilizer and the internal digester conditions, we measured the pH level of the 
digestate using a pH-moisture meter. 
3.2 Objective 2: Assess the Use of Biogas Digestates 
In this section, we discuss how we assessed the usage of the specific digestate output 
from our HomeBiogas® 2.0 system on an experimental garden that we planted. First, we discuss 
the construction and maintenance of the garden. Second, we discuss how we tested the digestate 
as a fertilizer. 
3.2.1 Constructing and Maintaining an Experimental Mizuna Garden 
 To test the effectiveness of our fertilizers, we planted and maintained an experimental 
garden of mizuna seeds. We planted mizuna since it grows at a fast pace and we could see results 
in our limited time frame with this project. We planted the seeds 1cm deep in the center of 
individual cups, with space for water to drain beneath each cup (The Grantham Gardener, 2016). 
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We planted 200 plants to ensure a large enough sample size germinated for statistical analysis 
(Cicielsky, personal communication, 2020). We watered at 10 AM, 1 PM, and 4 PM (Mike 
Kaplin, personal communication, 2020). The plants resided on a raised platform with a bug net to 
prevent insects from eating the plants (RHS, n.d.). See Appendix C for an image of the garden. 
3.2.2 Testing the Fertilizer on Mizuna 
We split the experimental garden into five sub-gardens that served as groups to test our 
digestate and store-bought fertilizer. One sub-garden served as a control and received water, but 
no fertilizer. We watered the plants with a syringe to ensure the plants received equal amounts of 
water, thereby restricting water amount and removing it as a confounding variable (LaMorte, 
2016). We assigned fertilizer type and amount to the four remaining sub-gardens according to 
the design of experiments (DOE) protocol. This protocol called for splitting a high and low level 
of both fertilizers among the four gardens, creating a testing matrix as follows: 
 100% digestate fertilizer 
 50% digestate fertilizer, 50% water 
 100% store-bought fertilizer 
 50% store-bought fertilizer, 50% water 
 Control; 100% water 
We determined fertilizer volume from the amount of water the plants required on the day 
of fertilization, and recorded plant growth after one month. Plants received 20mL of water if dry, 
or 10mL if moist. The plants needed 10mL of water at the time of fertilization. To prevent 
drowning the plants, we used 10mL for the high fertilizer level. We fertilized once as mizuna 
only requires fertilizer once per month (RHS, n.d.). We diluted neither the digestate nor the 
store-bought fertilizer due to a miscommunication with our sponsor. The store-bought fertilizer 
needed to be diluted with 10 parts water, while the digestate required no dilution. We recorded 
plant growth from the split in the stalk to the end of the longest leave. To determine the amount 
of growth each dose and type of fertilizer contributed to the mizuna plants, we subtracted the 
average plant growth for the low fertilizer dose from the average growth for the high dose 
(Bower, n.d.).  
3.3 Objective 3: Discovering the Perceptions and 
Misconceptions About Biogas Usage 
We observed the use of the medium-sized biogas system on Kibbutz Lotan and 
interviewed multiple users of biogas systems. We interviewed a group of ten 18-30 year-olds 
about their use of the medium-scale system. We also observed the students feeding and 
maintaining the system. We asked the students questions regarding the daily maintenance and 
use of the system, and their personal opinions on the social aspects of using a biogas system 
daily. We also conducted interviews with professionals who worked with the HomeBiogas® 
company and household users of the HomeBiogas® 2.0 system. Through these interviews, we 
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aimed to gain insight on any current known issues with the system both in a professional and 
personal home system.  
Chapter 4: Results and Discussion  
In this chapter we discuss the results of our experiments, what these results mean, and 
why we received these results. We begin by discussing the findings from the biogas production 
and digester temperature experiment, and how these results affect the outcome of the project. We 
then discuss the results from the fertilizer testing and the plant growth results. Lastly, we move 
on to the results from the interviews and observations, the suggested user improvements, and 
attempted user improvements.  
4.1 Biogas Performance 
In this section, we discuss the results of our experiment to assess the gas production of 
the HomeBiogas® system. We present the results of these measurements in this section, which 
include the system burn time, the temperature of the digester, and the digestate output. We then 
discuss the possible causes of our results. 
4.1.1 Gas Production and Biogas Digester Temperature 
 The data from our experiment indicates that the HomeBiogas® 2.0 systems fails to 
maintain the required temperatures for anaerobic digestion during the colder months. 
Furthermore, increasing the digester temperature to the level for anaerobic digestion requires 
significant maintenance. January and February are the coldest month of the year in the Arava 
Region (one of the hottest regions in Israel), with average temperatures from 12-13.5oC (Tamar, 
2020). Thus, a biogas user in Northern Israel or colder climates around the world would have 
even more difficulty producing gas with their HomeBiogas® system during this time period. 
Our initial tests found an increase in average digestion temperature and burn time upon 
addition of the hot water slurry and greenhouse covering to the biogas system. The morning 
temperature within the digester before hot water slurry addition averaged 11.7oC and increased to 
13.1oC after the hot water addition. The burn time increased from 11 minutes and 19 seconds, 
much lower than the claimed two hours of daily burn time, to 48 minutes and 39 seconds, once 
again less than the proclaimed burn time. 
We see from Figures 3 and 4 that the heated water increased the digester temperature by a 
factor of approximately two. In the morning the digester dipped below the ambient temperature, 
but in the afternoon, it increased above the ambient temperature. We believe the heated water 
caused this increase. Furthermore, the average afternoon digester temperature of 25.2oC achieved 
the HomeBiogas® recommendation of 20oC. While we lack data for afternoon temperatures 
before we added the heated water, we see the relation in the increase in burn time in Figure 5. 
The burn time began to increase on February 1st, the day after we started heating the water. 
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Figure 3. Morning Digester and Ambient Temperatures 
 
 
Figure 4. Afternoon Digester and Ambient Temperatures 
The straight lines on the 4:00 PM line represent days where we were unable to record the 
temperature and used the most recent data point to fill in the days we missed. This was done to 
make the graph easier to read but did not impact any calculations. The data table for our gas 
production experiment is in Appendix B and includes the temperature of the slurry water. 
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Figure 5. Daily System Burn Time 
 We believe the increase in feedstock from chopping and compacting it also affected gas 
production but are not certain. Since we began to increase the amount of feedstock on the same 
day as the heated water, we cannot determine the effect each variable had. However, the 
fluctuations in feedstock density for the fixed 6L input volume indicate the digester temperature 
had more influence. When comparing Figure 6 below with Figures 3, 4 and 5, the digester 
temperature appears more connected to burn time.  
 
Figure 6. Daily Food Waste Feedstock Density for 6L Volume 
 Regardless, the digester temperatures during this experiment still fall short of optimal 
conditions. While HomeBiogas® recommends 20oC for anaerobic digestion, the highest 
afternoon digester temperatures failed to reach the optimal range of 30-35oC for digestion 
(Lawson, n.d.). Finding a way to further increase the digester temperature and maintain it 
overnight will contribute to further increases in gas production, perhaps up to the 2 hours 
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claimed by HomeBiogas®. A large gas production is imperative for making biogas systems 
usable in rural communities for reducing fossil fuel and firewood use. 
4.1.2 Digestate Output  
 The pH readings from the digestate output indicated another confirmation of the digester 
operating at the low end of optimal conditions. The output digestate (which reflects internal pH) 
averaged a pH of 6.5, which equals the minimum required pH for anaerobic digestion (Dobre, 
Nicolae & Matei, 2014). Figure 7 shows the daily pH and volume of the output digestate. In 
addition to raising the digester temperature, a more alkaline environment needs to be created to 
ensure a favorable environment for the anaerobic bacteria. A more alkaline environment will 
increase gas production (Dobre, Nicolae & Matei, 2014). 
 Our system produced an average of 6.25L of digestate per day for the 12L of input. It 
appears that the digestate output relates to the 6L of water input, plus the addition of suspended 
solids. Rural implementation of biogas systems aims to use the digestate in place of purchased 
fertilizer. These results indicate the ability of a rural biogas user to turn input water into fertilizer 
without additional expenses. Purchasing commercially produced fertilizer requires money and 
more water to dilute the purchased product. 
 
Figure 7. Daily Digestate pH 
4.2 Fertilizer Testing  
By completing the fertilizer testing experiments we qualitatively found that the biogas 
digestate would be an adequate source of fertilizer for gardening because it is a free source of 
effective fertilizer. We cannot however conclude that the biogas digestate is better than store 
bought fertilizer or no fertilizer at all. Unfortunately, due to unforeseen circumstances and some 
miscommunication, comparison with the store-bought fertilizer failed due to overdosing the 
plants with fertilizer. No option existed for restarting the experiment due to time constraints, so 
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we decided to continue with the experiment, comparing the plants receiving biogas fertilizer to 
the control plants. Only 24 of the 100% digestate fertilizer plants, 16 of the 50% digestate plants 
and 15 of the control plants germinated. Based on previous research, the minimum amount of 
plants for each group should be at least 30 to be able to conclude quantitative comparative results 
(Cicelsky, personal communication, 2020). 
When comparing the plants that received the digestate and the plants that did not receive 
fertilizer we found the 100% biogas digestate fertilizer plants to be slightly larger than the 
control and 50% digestate groups. The 100% digestate group averaged a height of 2.96 cm and 
an average leaf count of 4.79 leaves. The 50% digestate and 50% water plants averaged a height 
of 2.68 cm and an average leaf count of 4.62 leaves. Lastly, the control plants averaged a height 
of 2.64 cm and an average leaf count of 4.60 leaves. Based on this data, the 100% digestate 
plants grew to highest average height by 0.1 cm, as well as the highest average leaf count, but 
only by 0.10 of a leaf. This is not enough of a difference to claim that the digestate was 
quantitatively more effective than the plants that only received water.  
Comparing the plants qualitatively, we found that the plants receiving 100% biogas 
digestate looked the healthiest and the greenest. The plants receiving the 50% water and 
digestate looked very similar, though some plants seemed to be a little worse than the 100% 
digestate plants. The plants who received no fertilizer at all appeared as the unhealthiest and 
driest plants when compared to the other groups. Below are the pictures of the plants. 
 
 
Figure 8. Biogas Digestate Groups in Experimental Garden 
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Figure 9. Garden Experiment Control Group 
 
  
4.3 Perceptions and Misconceptions About Biogas Usage 
In this section, we discuss the results of the interviews and observations we conducted to 
determine the perceptions and misconceptions about biogas usage. First, we write about the 
results of our interviews. Second, we review the biogas system improvements suggested to us by 
the interviewees. Third, we reveal the improvements users have attempted to improve their own 
systems. 
4.3.1 Interview Results  
Our interviews and observations found that biogas users experience issues with the 
overall maintenance, smell and use of the system. Through the interviews done with subjects 
working with the floating drum biogas digester at Kibbutz Lotan, we found that the biogas 
digester provided enough burn time to cook dinner about once a week. The interviewees stated 
when cooking “the flame is not hot enough to use and the burn time is not enough.” We also 
discovered that the subjects often decided to use the regular gas stove available to them due to 
the lack of heat provided by the system. We also found that almost all the participants found the 
system difficult to feed. They stated that “When we feed the system, it often gets jammed and 
you have to work really hard to unjam it.” We also found that the smell was an overarching 
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problem, and one main request to improve the system included “the really bad smell” of both the 
output and the input of the system. The subjects did all state that they liked using the system 
because ‘it is an opportunity to reuse the food scraps that they create daily.”  
We interviewed a professional from the HomeBiogas® company who reinforced prior 
findings from our research and experiments. During the interview, we discussed the lack of 
precision of the HomeBiogas® system and the importance of the system inner temperature. 
Finally, the team interviewed a subject who owns and maintains a HomeBiogas® 2.0 system in 
their home. During this interview we discussed the system burn time during the winter. The 
interviewee stated that during the winter he produced “an estimated 10 minutes of burn time and 
is only usually able to boil water for coffee.” We discussed use of the system during the summer 
and learned that the system could burn for about 2 hours or more per day. Similar to the previous 
interviews, this information helped to enforce the team’s results from our experiments and 
previous findings of burn times using the HomeBiogas® system.  
Finally, we interviewed Mike Kaplin, a member at kibbutz Lotan, about the efforts to 
increase the knowledge about biogas. We found out that currently there is a program called the 
Green Apprenticeship at Kibbutz Lotan that teaches its participants about living sustainably and 
ecologically as well as permaculture design. In this program, there’s a two-hour lecture taught by 
Mike, conveying the general but important understanding information about biogas in a 
simplistic way. Mike said that he covers “the most important information” that can help the 
participants to “do-it-yourself”. He also uses a song about biogas composed by Dr. Thomas 
Culhane to assist with his lecture. However, the organizers of the Green Apprenticeship want to 
further explain the biogas concepts in a more in-depth but also attractive and entertaining way. 
For that reason, Mike informed us about his wish of making an educational model about biogas 
to achieve such goal for his biogas lecture.  
4.3.2 Suggested User Improvements 
Our interviews with current users brough to our attention recommendations including the 
use of a greenhouse fixture to insulate the biogas system, improving the input method, using hot 
water along with the feedstock to raise the digestate temperature, and, surprisingly, having an 
extra storage tank for the produced biogas. For most users, the adjustments that needed to be 
made to their systems depended on location and climate.  
When it came to the maintenance and usage of the systems, multiple users complained 
about the input process. They stated, “it was too much of a hassle to force the food waste slurry 
in everyday” and preferred a better method or solution. Many of the adjustments made to these 
biogas systems are unique solutions to the user. However, these solutions may be introduced to 
any system in order to improve the production and user satisfaction.   
 According to one user we interviewed, his system functions all year round, but with 
difficulties during the winter. In order to improve the production throughout the winter he 
suggested creating a greenhouse fixture around the system to increase the insulation in order to 
hold in the heat throughout the night. In addition to increasing the temperature during the night, 
he suggested using hot water along with the food input. This allows for the digestate to 
immediately increase temperature to function at the thermophilic phase. However, when the 
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interviewee uses his system throughout the summer, he is beyond pleased with its performance. 
His biogas digester produces so much gas he recommended adding a second gas tank to store the 
excess when not in use. He lastly suggested that the second gas tank could be used to bring to a 
different location outside of his house, such as a camping trip.  
4.3.3 Attempted Improvements to the HomeBiogas® by the Users 
We found that one interviewee modified his HomeBiogas® 2.0 system to reduce the smell 
and maintenance requirement of the output. He dug a trench in his garden filled with porous 
rocks and made branches that lead to the plants in his garden. Then, he extended the fertilizer 
outlet pipe of the HomeBiogas® 2.0 system into the trench. By doing that, the biogas digestate 
goes straight to the plants, creating an automated fertilization system for his garden that reduces 
the amount of labor required to collect the digestate output and feed it to the plants. To address 
the odor issue of the biogas fertilizer and avoid the fertilizer from leaking out of the trench, he 
covered the trench with a nylon sheet and sand. This trench reduced two major issues with 
biogas systems: the odor and the amount of maintenance required. Digging the trench also made 
the system more aesthetically pleasing. 
Chapter 5: Future Recommendations  
In this section, we discuss recommendations to improve the HomeBiogas® 2.0 system 
accessibility and usability. We begin by discussing the recommendations for increasing gas 
production. We continue with the recommendations for specific rural usages of biogas output 
including the produced biogas and the digestate byproduct. We then make recommendations to 
reduce user discomforts. Lastly, we discuss our recommendations to increase knowledge 
surrounding the biogas system.  
5.1 Recommendations for Increasing Gas Production 
 In order to increase daily biogas production to a usable level, we recommend raising the 
digester temperature and maintaining it overnight. We recommend using solar heated water to 
increase digester temperatures without the use of non-renewable energies. Our results showed a 
favorable relation between the input of heated water, digester temperature increase, and gas 
production increase. In order to maintain the digester temperature overnight and further increase 
the temperature, we recommend the construction of a greenhouse in a similar manner to the 
“four-in-one” model in Northern China (Song et al., 2014). Greenhouses range in size from small 
household structures to covering a small commercial farm. The benefit of a greenhouse is 
heating up during the day and retaining heat through the night. For additional heating during the 
winter, a small proportion of produced biogas can be used to heat the greenhouse. We 
recommend plastic greenhouse construction as they heat up like glass, are 10-16% the cost of 
glass, and may not be taxed. However, if a community lacks substantial economic capabilities, 
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we recommend glass construction for a longer lifetime and better weather resistance (Worley, 
2015). 
5.2 Recommendations for Rural Usages of Biogas Output 
In this section we discuss our recommendations for the uses of the produced biogas 
outputs. This includes possible applications of the produced biogas and digestate byproduct. 
5.2.1 Utilizing the Produced Biogas 
Based on the research and interviews we completed we recommend that biogas systems 
be used in specific settings. In colder temperatures, we concluded that a single biogas system 
fails to produce enough gas for cooking purposes. However, if our recommendations for 
increasing gas production work, we recommend using biogas for cooking purposes year round. 
Based on the interview results we recommend using the system for cooking daily in the summer. 
We also recommend that the biogas is used for cooking in communal kitchens due to the large 
amounts of food waste that is available. Lastly, we recommend that a regular gas stove is also 
available for use when using the biogas for cooking.  
We recommend that in rural environments, during the summer or in warmer climates, 
other use of the biogas should be considered. We recommend conducting experiments to test the 
efficacy of using the gas for electricity purposes such as lighting and heating buildings and 
homes. We recommend that more experiments be done to test the gas production of the 
HomeBiogas® 2.0 system. To receive full data on how the biogas system works in multiple 
environments and climates, tests should be done in multiple environments throughout the world 
and during different times throughout the year.  
5.2.2 Utilizing the Digestate Byproduct 
Based on the results from the fertilizer tests done on the mizuna plants, we recommend 
using the biogas digestate as a fertilizer. These recommendations are based on the findings from 
comparing the plants that received the biogas digestate and the plants that received no fertilizer. 
As stated in the results, the plants that received the digestate fertilizer grew well and qualitatively 
better than the plants that received water alone.  
We recommend that another study be done using a variety of plants that require a variety 
of planting conditions to further evaluate the use of digestate as a fertilizer. We also recommend 
studying the digestate at more than two concentrations and comparing the digestate to multiple 
types of store-bought fertilizer. Lastly, we recommend that nitrogen, phosphorus and potassium 
(NPK) testing be done on the fertilizer digestate. NPK levels in a fertilizer are essential to 
knowing the impact of a fertilizer on the health and the growth of plants. Since the digestate is a 
free output from the biogas system that there is not much other use for, we believe that the output 
of the biogas system should be used as a fertilizer in place of an expensive store-bought 
fertilizer. 
21 
 
   
 
5.3 Recommendations to Reduce User Discomfort 
We noticed how many users lacked satisfaction with the procedure required to feed a 
biogas system and recommend improving the input process. In terms of feeding the biogas 
system, some users find the current plunger tool used in HomeBiogas® difficult and messy. As 
an alternative feeding method based on what several users want, we developed a possible fix that 
could increase user satisfaction. A simple version includes an easy input system that can be used 
by anyone, no matter their physical stature. We also wanted to improve the issue regarding the 
odor released from current biogas system inputs. Using these two motivators, we designed an 
auger feeding system that can connect to the HomeBiogas® 2.0 system (see Appendix D). We 
created this prototype using Dassault Systemes’ 2018 version of Solidworks (Dassault Systemes, 
2018). Upon further research, we found that using a PE high density plastic would be best when 
manufacturing this product (Custom-Pak, 2018). This accounts for lightweight and a long 
lifespan to thrive within such a high corrosion and high moisture environment due to the 
feedstock input.   
5.4 Recommendations to Increase Knowledge About 
Biogas Systems  
We recommend an educational model to convey the needed information regarding biogas 
in an entertaining and easy to understand way, especially for students of young ages and those in 
rural communities who lack education. The educational model would be a good addition to the 
current education programs about biogas along with the current materials. We have come up 
with two possible options for a potential biogas educational model in the form of a simulation 
software and a hands-on project kit for students to explore and study the production of biogas.  
First, a simulation software in the form of a video game would be an attractive and 
effective way for students at young ages to learn about the biogas system. The main goal for this 
game would be to achieve the most burn time possible in a stove which is connected to a biogas 
digester. Another goal would be to use the digestate output from a biogas digester and grow a 
garden. This game would consist of a graphical representation of the biogas digester with the 
explanation on how the digester works to produce biogas, preferably in the form of an animated 
video. The user would have the chance to experiment with the parameters that affect the 
anaerobic digestion process in order to achieve the most gas possible. Specifically, the user can 
change the conditions such as ambient temperature, modify the content of the feedstock with 
different combinations of food waste, manure and water, and change the amount of feedstock. As 
it will take some time in real life for the bacteria to digest the feedstock to produce biogas, the 
simulation time would be shown and can be fast-forwarded. The flowchart for this software can 
be seen in the Appendix E.  
Second, we recommend a project kit that would make a small biogas digester as a way of 
giving students hands-on experience with biogas systems. This kit would include a bottle, a 
balloon for gas storage, some tubes, a T-adapter for tubes, a gas valve and a pack of feedstock, 
which consists of manure and food scraps (The Pembina Institute, n.d.). Students would make 
22 
 
   
 
the digester using these components from the kit. The rendering for the final design for the 
complete digester is shown in Figure 8 below. To help students to better understand the 
conditions that affect the production of biogas, students would bring this digester home and feed 
it with food scraps, and then document the amount of feedstock that they feed into the system, 
and the conditions they put their digester in. After a week or two, students should bring the 
digester back, and the instructor would connect the gas outlet of the digesters into a stove, such 
as a Bunsen burner, and check for the burn time of biogas from each digester. By observing the 
burn time of their own digesters and combining it with the conditions they documented, we hope 
students will learn how the feedstock and outside conditions affect the production of biogas. 
 
Figure 10. Rendering of Biogas Digester Student Kit 
 
Chapter 6: Conclusion  
 We evaluated the use of biogas systems in rural communities during the winter months. 
Our evaluation assessed the gas production of the HomeBiogas® 2.0 system, assessed the use of 
biogas digestate as a fertilizer, and assessed users’ perceptions about biogas systems. Our testing 
found that heating biogas digesters led to an increase in gas production. The daily burn time 
increased by over 400% to nearly an hour when we heated the system. The growth of our plants 
given the digestate indicated the digestate functioned as a fertilizer. However, we lacked enough 
plants for statistical comparison. Our interviews revealed the prevalence of user discomfort in 
biogas system maintenance, and the need to fix the smell, input, and gas production of the 
system. 
Our team recommends a series of fixes and future tests to combat the issues above. The 
first is to heat the digester with heated slurry water and a greenhouse enclosure. Second, we 
propose testing the self-fertilizing system to manage the output digestate volume and completing 
more fertilizing testing. Third, we propose developing our auger prototype and assessing its 
impact on reducing the effort to load the system and input smell. Fourth, we propose an 
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educational model to help users understand more about biogas operation and reduce any safety 
concerns one might have. Our hope is that these recommendations can lead to the successful 
implementation of the HomeBiogas® 2.0 system and other biogas systems in rural communities. 
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Appendices  
Appendix A: Interview Questions 
The following questions were asked to a group of current biogas users. 
 
Interview Questions   
1.) How often do you load the system?   
2.) How much do you load the system each time, either on average or known input amounts?  
3.) How much water do you add the system when you input food scraps?   
4.) Are you satisfied with the systems’ capabilities for cooking?  
5.) Do you wish inputting the food scraps was an easier process?   
6.) What do you like about the system?   
7.) What do you dislike about the system?   
8.) What do you wish you could change about the system?   
9.) Do you have any safety concerns about the system? Please explain any of your concerns.   
10.) Would you put a home biogas system in your house and if so, why?   
11.) Do you have any additional questions, comments, or personal concerns, and please explain 
why?     
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Appendix B: Biogas Production Testing Data Sheet 
The following tables show the data from our biogas production tests. 
 
 
Table 2. Biogas Testing Data Sheet Part 1 
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Table 3. Biogas Testing Data Sheet Part 2 
 
 
Table 4. Biogas Testing Data Sheet Part 3 
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Table 5. Biogas Testing Data Sheet Part 4 
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Appendix C: Fertilizer Testing Data Sheet and Garden 
The following figures show our experimental garden setup. The test gardens are split up into the 
following groups from left to right respectively: 
 100% digestate fertilizer 
 50% digestate fertilizer, 50% water 
 100% store-bought fertilizer 
 50% store-bought fertilizer, 50% water 
 Control; 100% water 
 
 
 
Figure 11. Experimental Garden Setup 
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Table 6. Plant Growth Data Table 
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Appendix D: CAD Designs  
The complete rendering and engineering design drawing is shown below for our auger feeder 
prototype. 
 
 
Figure 12. Engineering Drawing of Auger Prototype 
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Figure 13. Rendering of Auger Prototype 
 
 
Part Name Material Mass (lbs.) 
Main Auger PE High Density 3.30 
Funnel Auger PE High Density 1.13 
Main Casing PE High Density 5.32 
Funnel Casing PE High Density 1.29 
Door ABS 0.79 
Hinge 1060 Alloy 0.06 
Handle Mahogany 0.19 
Complete Product -------------  12.08 
Table 7. Auger Prototype BOM 
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Appendix E: Flow Chart  
This is a flow chart that explains the flow of the educational software for biogas technology. 
 
 
Figure 14. Educational Software Flowchart 
